A multiscale multiphysics model has been developed to investigate hydrogen embrittlement in polycrystalline nickel. Appreciation of the role that hydrogen and residual stresses play in hydrogen embrittlement of polycrystalline metals has led the authors to propose a coupled microstructural and continuum approach to the simulation of the chemo-mechanical process.
the microstructure, dislocations, hydrogen absorption/diffusion and stress [12] [13] [14] [15] [16] . Hydrogen and stress may be introduced into the metal during the manufacturing process. The chemical diffusion of hydrogen is inhomogeneous at the microstructural level in nickel due to the difference in the diffusivity within grains and at grain boundaries as reported by Harris et al. [12] , Palumbo et al. [14] and Gertsman et al. [15] . The initial stress distribution in FCC polycrystalline nickel is often non-uniform and inhomogeneous at the microstructural level due to the random crystallographic texture and anisotropic properties of individual crystals, even under uniform applied stress. Inhomogeneous local stress distributions will impact on the stress assisted diffusion of hydrogen in polycrystalline nickel. They may play a critical role in the initiation of small micro cracks, such as intergranular cracks. The behaviour of these intergranular cracks is dependent on the inclination of the local grain boundary with respect to the tensile axis as reported in Kamaya et al. [17] . The growth of such cracks contributes to the potential failure of the material. It is therefore important to try to account for important microstructural phenomena within a component scale model to aid prediction of hydrogen embrittlement. In this work a multiscale coupled chemo-mechanical modelling technique in the form of stress assisted hydrogen diffusion is proposed. By accounting for (i) the effect of heterogeneous microstructures in critical sites and (ii) by coupling this with the homogeneous macro scale, one is able to investigate hydrogen embrittlement phenomena at the component level.
The proposed multiscale coupled Microstructure and Continuum Critical Defect model (MCCD) has been used to study the hydrogen embrittlement problem. The model solves the chemo-mechanical problem including local microstructural features in a selected critical defect site with boundary conditions interpolated from the solution from an initial macro global model.
The critical defect micro-scale region contains microstructural details describing local heterogeneous microstructural features, in this case grain boundaries (GB), triple junctions (TJ) and individual grain orientations. Grain boundary regions are defined as critical microstructural units because both hydrogen diffusion and dislocations within the material will be significantly affected by these crystal defects. The mechanical and stress-assisted diffusion models are coupled sequentially. First the mechanical problem of the multiscale MCCD model is solved which is then used in the subsequent stress assisted hydrogen diffusion model. Thus the MCCD model attempts to bridge the gap between microstructural and continuum length scales to investigate the chemo-mechanical hydrogen embrittlement problem. Figure 1 (a) shows the macro scale combustion chamber of rocket [25] . In particular, figure 1 (b) shows the geometry and dimensions of the 2D MCCD model containing the critical defect sites (grain boundaries) and its relationship with the macro scale homogeneous component in figure 1 (a) . The MCCD model is developed using two modelling techniques, the first one using a "tie boundary technique" or "substructure technique" and the second one using a "cut boundary technique" or "submodelling technique". Detailed information about submodelling and substructuring techniques can be found elsewhere [19, 20] . The cut boundary technique often reduces analysis times when compared to the tie boundary technique. The procedure to couple a heterogeneous microstructural model to a homogeneous model using both tie boundary and cut boundary techniques is described by Jothi et al. [20] . The hydrogen embrittlement problem is solved as follows. The chosen problem in this paper is a cracked polycrystalline nickel plate subjected to loading in a hydrogen rich environment where a simulated crack is deliberately introduced into the mesh. The commercial finite element program ABAQUS was employed for a sequentially coupled stress-assisted hydrogen diffusion analysis consisting of repeating steps of a static stress analysis followed by a hydrogen diffusion analysis. A very fine mesh is used in the microstructural model to accurately capture the gradients of stress and hydrogen concentration near the artificial crack tip and a coarser mesh is used in the more distant (and assumed homogeneous) macro region. The procedure to couple the chemo-mechanical analysis is as follows:
a) The mechanical response of the coupled domain is captured firstly using an initial static stress analysis. Initially, the stress analysis is done at the macro-structural level, shown in figure   1 (b) , assuming the material is isotropic with a modulus of elasticity of 200 GPa and Poisson's ratio of 0.3. These results are transferred to the microstructural level sub-mesh, shown in figure 1 (c), via the submodelling technique [19] [20] . This effectively maps values from the macro model to the boundaries of the micro mesh. Values calculated in the micro region are similarly mapped back onto the macro mesh at the next stress analysis. The same macro to micro coupling procedure is carried out for the hydrogen diffusion analysis as well. b) In the micro-scale model the material mechanical anisotropy is accounted for by assigning individual grains random crystallographic orientations using the FCC nickel single crystal elastic constants C 11 =247 GPa, C 12 =147 GPa and C 44 =125 GPa [21, 24] . c) The micro-level model also includes micro-level stress-based driving forces for hydrogen diffusion. Hydrogen diffusion without the effect of stress in an FCC single crystal is isotropic with one independent diffusion material property [22] . However, hydrogen diffusion in grain boundaries is faster than diffusion within grains in nickel. The hydrogen diffusivity and initial hydrogen concentration values used in the micro model are 3.52×10 -10 cm 2 /s (within grains) and 2.05×10 -8 cm 2 /s (in grain boundary affected zones) [24, 26] and 1*10 -4 mol.H/nm3 (i.e. initial hydrogen concentration) . Detailed descriptions and the equations used in the chemo-mechanical analysis are described in Jothi et al. [24] . Thus the model uses a relatively straightforward coupling from macro to micro scales, assuming isotropic mechanical/diffusivity behaviour in the former and mechanical anisotropy and varying hydrogen diffusivity values in the latter. 
Results and

Conclusion:
In order to better solve the multiscale coupled multiphysics chemo-mechanical hydrogen embrittlement problem of aerospace components made of polycrystalline nickel, a multiscale coupled microstructure and continuum critical defect method is proposed accounting for microstructural features within a macro scale homogeneous modelling framework. In this work a stress-assisted hydrogen diffusion model was developed within ABAQUS employing the finite element method. The results from the model can be summarised:
o Stresses developed in the polycrystalline nickel microstructure are inhomogeneous, even though the applied stress is uniform. In the model this is due to the anisotropic mechanical response at the microstructural or grain level.
o Stresses in the grain boundary affected zone can be significant depending on the relative orientation of neighbouring grains. 
